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Dirac versus Majorana

» Origin of neutrino masses beyond the Standard Model
» Two possibilities to define neutrino mass

Dirac mass analogous to other Majorana mass, using only a
fermions but with ™/,  ~107'2 left-handed neutrino

couplings to Higgs — Lepton Number Violation
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Beta Decays and v Nature m

Single beta decay 5 R
(A7) > (A Z+1) +e +7, wL wk
o Tritium decay, KATRIN: mg ~ 0.2 eV &

> Project 8: Atomic Tritium + Cyclotron
Radiation Spectroscopy: mg ~ 0.05 eV

Allowed double beta (2vBp) decay
(A4,Z) > (A,Z+2)+ 2e™ + 2v,

Neutrinoless double beta (0vBB) decay
(A4,Z) - (A, Z + 2) + 2e~

> Violation of lepton number

- Mediated by Majorana neutrinos

Majoron assisted double beta (0vBgSJ) decay
> Missing energy = lepton number violated?

Frank Deppisch | Probing NP with DBD | 17/08/2023



NEUtrinOleSS OUble B ecay University College Condon

iy

dy

.

\

» Half-life
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» Particle Physics %

> uy

+m, Yu(1+7v¥s5)y
lep = Z Uel Vli(l + 75) 2 Vv(l Ys) = £ vz U¢; my,

4q2

» Atomic Physics
- Leptonic phase space % « Q°

» Nuclear Physics

> Nuclear transition matrix element M% =~ 1
but large uncertainties, factor 2-3

Q +2m,
~ 3—5 Me
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Three Active Neutrinos

» Effective OvBp Mass

0008 | I I I I | I I I I | I I I
-KamLAND-Zen upper limit: T;,, > 2.3 x 10%®y -
-arXiv:2203.02139
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Adv. High Energy Phys. (2016) 2162659 cosm [ V]
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New Physics and OvBpf

» Plethora of New Physics scenarios
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New Physics and OvBpf

» Plethora of New Physics scenarios

2
-1 _ 2 ov ov
Ty = ENPGNP|MNP

» Neutrinos still

Majorana

Schechter, Valle, Phys.Rev.D
25 (1982) 2951
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New Physics and OvBpf
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dy — = uy
» Examples in Left-Right Symmetry :'?tj; —
d U dp — > g Z, Xmy )
b”?'l«vm N o iyg’dl@vm > r
e X m, —A > uy
e — =
Z’LFFWA V+A _
d U LA - " €y-a = z UeiWe; tan (y,
3 4 B 10~°
TS = €265 MY 6§RZ=2V2-ﬂmW ~ (A/10 TeV)?
— el 4
1/2 = ENP Lo my miy, ( eV)
» OVBp probes . 107°®
the TeV scale (A/1TeV)5
» Limits on 6D d u
and 9D eff. e
operators . .
u
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Short-Range Mechanisms ™=
FFD, Graf, lachello, Kotila, PRD 102 (2020) %( \é&
- N e

» Limits on short-range operators . \f’ee;_ w

" _//_V’ n - P

> NMEs from IBM-2 with g, = 1.0 and
short-range correlations in Argonne

arametrization —+ V1T + e
y LA T tTr(c'
%) P
20 AT

18 Pion-mediated

» Chiral EFT with Pion
operators from

Lattice QCD
(Cirigliano, Dekens, de
Vries, Graesser,
Mereghetti, JHEP 1812
(2018) 097)

6 ™ T,,(7Ge) = (1.8,10,100) contribUticiEgy

e ] e Ty 5(1%Mo0) = (0.01,5,10) x 102651 1 |7 fabauiet Kevelemer >
" § Tip(PXe) =159, ?pgz's)(%‘g\fﬁi?.w 78 (1997)
10 E AsS

A [TeV]
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Short-Range Mechanisms

FFD, Graf, lachello, Kotila, PRD 102 (2020)

» Limits on short-range operators

> NMEs from IBM-2 with g, = 1.0 and
short-range correlations in Argonne

parametrization 100 ———

» Interference with standard /‘\
massmechanism |

501

""""""
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Disentangling New Physics m

» Comparison of 0vBB in multiple isotopes
FFD, Pas, Phys.Rev.Lett. 98 (2007) 232501
> Depends on 0vBB mechanism
> Independent of details of
new physics
(if one mechanism dominates)

Ti2(X)  GOIM(Y)I?

Ti2(Y)  GEOIMX)I?

SZSB
IUOMO
lZSTe
130'-[-e

I36Xe

('RNP —9‘2’"") /'RmV
-80% —-60% —-40% -20% O 20%
IIIIIIII T T 'l[
A * : ] .RSU ce
* [:’ A D ;RQUhY
A[l s | A R
A (m o A RR
A A13%k * R (10Gev)
A 4 300%k
|||||||| " 1 AN

» Angular and energy distribution of emitted electrons
Doi et al. '83; Ali et al. '06; Arnold et al. '10; FFD, Jackson, Nasteva, Séldner-Rembold '10

dl’

dE. dE.,dcos@ B

I
= 5(1 — k(E,,,E,,) cosB),

-1<k<1

o Linear in cos @

k(E.,, E.,) depends on 0vBB mechanism
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Disentangling New Physics m

» Comparison of 0vBB in multiple isotopes
FFD, Pas, Phys.Rev.Lett. 98 (2007) 232501

> Depends on 0vBB mechanism
> Independent of details of

new physics
(if one mechanism dominates)
T 2(X) _ G(Y)|M(Y)I?
T12(Y)  GX)IM(X)|?

» Angular and energy distribut
Doi et al. '83; Ali et al. '06; Arnold et al. '10;

dl’
dE. dE.,dcos@ B

I
> (1 - k(E,.,,E.,) cos6)

o Linear in cos 6
k(E.,, E.,) depends on 0vg/
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Majorons and MLPs

» Emission of one or more neutral bosons
> Majoron model of neutrino mass generation
“Majoron-like” boson J with coupling to v,
e.g. gijviVsV;/
> Light scalar associated with Weinberg-like operator

(Blum, Nir, Shavit, Phys. Lett. B785 (2018) 354) v
_____________ 0
yaﬁ N
Lae = —SFd(HL)(HL)| | :
- Extensions with derivative couplings or L

two-Majoron emission —g//"
n o
v

Bamert, Burgess, Mohapatra ‘95
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Majorons and MLPs

» Standard Majoron classes
- Electron energy distribution

dI’
=C(Q — &1 —€2)" [me1F(e1)] [p2eaF(e2)]
d€1 d€2
ovBp —— OBy’ (n=1)
—2vBB (n=5) === OVBPy’ (n=2)
— OB (") (n=3)
= === 0vBBx '’ (n=7)
E K
]
&
=
E
N
3
Visible Energy (MeV)
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Majorons and MLPs

» Standard Majoron classes

Model n Mode Goldstone L T10/V2x MOvx GYrx (9)

boson [1023y7] [yr—1]
1B 1 X no 0 > 4.2 (2.30 — 5.82) 5.86 - 1017 < (3.4-8.7)-10"°
IC 1 X yes 0 > 4.2 (2.30 — 5.82) 5.86 - 1017 <(3.4-87)-107°
1D 3 XX no 0 > 0.8 10-3+1 6.32-10~19 <2115
IE 3 XX yes 0 > 0.8 10— 3+1 6.32 10719 <21t15
IF 2 X bulk field 0 > 1.8 - - -
1B 1 X no -2 > 4.2 (2.30 — 5.82) 5.86 - 10~ 17 < (34-8.7)-107°
IIC 3 X yes -2 > 0.8 0.16 2.07-10—1° < 4.7-1072
11D 3 XX no -1 > 0.8 10—3+1 6.32-10719 <21t13
IE 7 XX yes -1 > 0.3 10— 341 1.21-1018 < 22119
IIF 3 X gauge boson -2 > 0.8 0.16 2.07-10-19 < 4.7-1072

GERDA, Eur. Phys. J. C75 (2015) 9, 416
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Majorons and RH Currents m

Cepedello, FFD, Gonzalez, Hati, Hirsch, Phys.Rev.Lett. 122 (2019) 18, 181801
» Effective RH lepton currents with massless scalar ¢

Gr cosfc s e

_ e AH RL 1 / ‘RR .' i

ﬁOuBSgb — \/§ ]LJL,“ -+ _JR‘]L;zc/) + _JR']R;LCD + h.(,.
1y My

s (Gpcosbc)? / g / d*q d u
M = €] d’xd’y H(y)eia==y)
RX \/—mp Z @ ( ) D er
Tt e

174

w + UN — :(El E2 — EC‘)) w + UN — j(El Eg + EQ)
> No suppression with v mass

» Calculation follows long-range /@kq
d u

n and A OvBpB modes

Doi, Kotani, Takasugi, Prog. Theor. Phys. Suppl. 83 (1985) 1
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Majorons and RH Currents m

Cepedello, FFD, Gonzalez, Hati, Hirsch, Phys.Rev.Lett. 122 (2019) 18, 181801
» Effective RH lepton currents with massless scalar ¢

Gr cosbc €% e?

B 0S Ve RL :u €CRR - }

»COI/,B,Bc,f) — \/— ]L JR‘]L;10+ JR ]R[LCD + h.c.
2 My My

» Non-standard total and single electron energy distributions
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Majorons and RH Currents m

Cepedello, FFD, Gonzalez, Hati, Hirsch, Phys.Rev.Lett. 122 (2019) 18, 181801

e A e B e TT T T [ PF T P Fe [ FWCE [ G0 [T !
2D Electron Energy Distributions ~ 82¢,1

B\ \ & 1 \\‘
Q\ o 0.05 ol

1-l | —:;;. 471?‘77’ i -
08. 02 04 06 038

i |\ i "1\ P e S
: 0.6 ;
(Ey — m,)/ Qpp
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Cepedello, FFD, Gonzalez, Hati, Hirsch, Phys.Rev.Lett. 122 (2019) 18, 181801
» Sensitivity (massless ¢, recasting single Majoron searches)

Isotope

T1/2 [Y] |€%L| |€%R|

828e

136Xe

3.7x10% [14 41x107* 4.6 x 1072
PEXTOA P 11x10% Lixid™

828e

136X€

1.0 x 10%4 80x10"° 88x107?
1.0 x 102° 57%x107° 58x 1073

» Searched for in EXO-200
(PRD 104 (2021) 11, 112002)

T} > 4 x 10%*y
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Majorons and RH Currents m

Cepedello, FFD, Gonzalez, Hati, Hirsch, Phys.Rev.Lett. 122 (2019) 18, 181801
» Sensitivity modification for massive ¢

> Suppression of Mo Sum energy spectum— Blym, Nir, Shavit, Phys. Lett. B785 (2018) 354
1.0
phase space m, =
- Decrease of S/vB o8l / 2vBB -

0.6+

04+ 1
|geel Brune, Paes, Phys.Rev. D99 (2019) 096005

0.LF

' ' o S L 7,5 Me
1.0 15 2.0 25 30 12¢MeVl

oAy
MeV
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UV Model: LR Symmetry

Cepedello, FFD, Gonzalez, Hati, Hirsch, Phys.Rev.Lett. 122 (2019) 18, 181801
» Extended Gauge Symmetry

Gir=SUB)e X SUR), X SUR)g X U(1)y = SUB) s X SUR), x U(1)y

o Minimal LR model: X =B - L Field | SUQ). SU@r B-L ¢ X SU@B)c
- We consider X # B — L broken . 5 | 13 0 1/3 3
but B — L conserved a | 1 > 1/3 0 1/3 3
> Dirac neutrinos (and charged SM o > 1 4 B 4 1
fermions) via Dirac seesaw via ln 1 5 10 4 |
heavy, vector-like fermions Ur| 1 L1341 4/3 3
(Bolton, FFD, Hati, arXiv:1902.05802) Dy g 1 I 13 1 -2/3 5
Y, >= Errp| 1 1 I 4 <P 1
)&<\ L . <7(R>< Ni.r 1 1 1 41 0 1
/ ¥ 2 1 B <41 1 1
NL NR y YR 1 2 0 +1 1 1
R o 1 1 2 -2 0 1
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UV Model: LR Symmetry

Cepedello, FFD, Gonzalez, Hati, Hirsch, Phys.Rev.Lett. 122 (2019) 18, 181801
» UV Diagram

d u
€ €R
e
9
v
d u
¢

» Sensitivity from eg;
75 (14x107 2( mw, )4( —_— )4
10% y JHEYN Yy 25 TeV 100 MeV
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UV Model: Leptoquarks

Cepedello, FFD, Gonzalez, Hati, Hirsch, Phys.Rev.Lett. 122 (2019) 18, 181801
» Add heavy scalar leptoquarks 5,(3,2,1/6), S,(3*,1,1/3)

> Effective operator at tree level
> Lepton number conserved if i Up

L(S1) = L(Sz) = —1, L(¢) = -2 i

Sio S,
____(____.!.____).___

i
L E €R

i

> LNV and Majorana neutrino mass
at two-loop if (¢p) # 0
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New Physics in 2vB

Bolton, FFD, Graf, Simkovic, Phys.Rev.D 103 (2021) 055019

» Sterile neutrino search through 06 A
energy endpoint (also Agostini, Bossio, g e [l
Ibarra, Marcano, PLB 815 (2021)) g0
> Emission of one sterile neutrino S

in double beta decay: vNBpB 8 02
> Same principle as endpoint _ /

searches in single B decays ;\og_;
> Observed limit at GERDA . |

(JCAP 12 (2022) 012) |7 %0 o5 1o 15 20 25 30

0.1} Ej [MeV]
|Von|? < 1.3 x 1072 ‘
= 0.01F
oo IR
01 02 05 1 2
my [MeV]
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New Physics in 2vB

FFD, Graf, Simkovic, Phys.Rev.Lett. 125 (2020) 17, 171801

» Lepton number conserving RH currents d @ "
> Exotic charged currents probed e.g. \‘<€R
 in neutron and single B decay VR

« at LHC in pp - eX + MET _

o Limits on RH currents G er
G cosfc d

7 ((1+ dsm + err)jrdr, + €rrir g, + €LrRIRIL, + ERR]'IA:L{,JR“) u

less severe due to lack of interference with SM

» Modification of angular and energy
distribution in 2vBB decay
> Observation of two e~ instead of one in single g decay

> Current limit ey < 3 x 1072 from
NEMO3 competitive to other searches
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New Physics in 2vB

FFD, Graf, Simkovic, Phys.Rev.Lett. 125 (2020) 17, 171801

» Lepton number conserving RH currents
- Main effect: Opposite angular distribution
> Small modification of energy distribution

3.5
3.0f
2.5/
2.0
1.5
1.0|
0.5/
oo . . T

6 | | | | | o | | ]
3 |
e
-6| | N | | . | |

00 02 04 06 08 1.0
(E1—me)/Q

Exotic

(dr/dEk)IT
(dr'/dEq )T

Deviation [%]
Deviation [%]
QO
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New Physics in 2vB

FFD, Graf, Simkovic, Phys.Rev.Lett. 125 (2020) 17, 171801

» Lepton number conserving RH currents d g "
XR
15 ' T 1 T : —— ' — €R
VR
[V.xl® (20538 Energy)
10_1 14
tCe —Mpr
64 1y \ :
=102
N
C\; _3 \\\\ |
>% 10 ﬁe’?i\/\'\\ A,
10—4 T |;\- H—| (2v66 Angular)
e KATRIN
Borexin
107° | | o | o | S | o | ]
1074 1077 1072 1071 1 10
my [MeV]
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New Physics in 2vB

FFD, Graf, Rodejohann, Xu, Phys.Rev.D 102 (2020) 5, 051701 /
n
» Neutrino self-interactions 1,
> Same signature as SM 2vpBp decay v
Gs
Gsme |* Mo |?

-~ 2 Sihte Ov v

F21/ + FVSI ~ (Mizv + ‘ 2R 47T2 g21/ 3 .

> Interference with SM 2vpp decay neglected " \—

- Non-observation of enhanced rate

Lyer/T5, <1 of s

A QRPA

excludes regime G5 ~ 4 x 10° G
suggested to resolve Hubble

tension (Kreisch, Cyr-Racine, Doré,
PRD 101 (2020) 12, 123505)

favoreql by copmologjcal da{a

.
T
@)
—

‘ 100 Mo

Gs/(10°GF)

[S]
T

128

e 28Te x 130,

1sotopes
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New Physics in 2vB
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FFD, Graf, Rodejohann, Xu, Phys.Rev.D 102 (2020) 5, 051701 /
n
» Neutrino self-interactions g 5
> Same signature as SM 2vpBp decay v
Gs
Ggme | | Moy |2
~ 2 Slhhte Ov y
F2V + FVSI ~ (M2V + ‘ IR 47T2 g21/ .
> Interference with SM 2vBp decay neglected " \—
- Modification of energy spectrum for light
mediator(s), e.g., s—channel 1.2 T
scalar mgy = Q + 0.1m, - — 2l — opp
0.8F
Ve Uy - - : DOG‘
- =
)Ci;( /\ 0.4+
AR r 7
b“m< ' 0.2
’ 00 o5 10 15 20 25 30

3‘ 3
\ bR
\ \
O\ AN
\ X
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New Physics in 2vB

FFD, Graf, Rodejohann, Xu, Phys.Rev.D 102 (2020) 5, 051701

» Neutrino self-interactions
> Same signature as SM 2vpBp decay

2
Mo, |?
| Ol)g21/

Ggme,
F2V +FVSI ~ (M2V2 + ‘ IR

A2

> Interference with SM 2vpp decay neglected

- Excludes quadruple
double g decay d

Y
™

(A
[1L—/L7 (/Z/-) N -
v —

v

Y
-

v
~
d U
—~

Heeck, Rodejohann| (] u

EP Lett. 103 (2013) 32001
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SM Corrections to 0/2vfBf

FFD, Canning, Van Goffier, work in progress

» Radiative Corrections
> Photon-loop and soft photon emission
> Calculated for g decay (Repko, Wu, PRC 28 (1983) 2433)
> Application to 0/2vBp decay

2500
2000
1500

1000

1000 1500 2000 2500 30(
E?emv (keV)

_24}

0.005 0.010 0.050 0.100

Detection Window [MeV]

FFD, Canning, Van Goffrier, preliminary
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SM Corrections to 0/2vfBf

FFD, Canning, Van Goffier, work in progress
» Radiative Corrections
> Photon-loop and soft photon emission

> Calculated for g decay (Repko, Wu, PRC 28 (1983) 2433)
> Application to 0/2vBp decay

» Electromagnetic interaction between emitted electrons
o Relativistic e~ in Coulomb field of nucleus, atomic e~ and sister e

-6 Ca 1/ | allowed Bp 8
B 2088 - w&

~
-~
~
~
~
e

~ 10,

-

-12f . 2vBB with-RH current

—l4r e Ca

Al [%]

16}

3 4 FFD, Canning, Van Goffrier
preliminary
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Conclusion

» OvBp is crucial probe for BSM physics (H), SH)
> Universal probe of LNV o~
> Proof that light v are Majorana <7 lmp 7>
° mgp = 0(10 meV) €-> LNV near GUT scale OV »
o LNV at scales A= 1eV - 100 TeV 1/2 ( Anp )
. . ] 28 v, 15
» 2vBp is sensitive to New Physics 108y  \10% GeV

> Conclusion of LNV and Majorana true for 0vgp only (no E, ;)
> Ongoing and future searches probe 2vBp decay with high statistics
- How well are systematics understood?
- Experimental and theoretical spectrum
> Examples considered
- Majoron emission with RH current
- Exotic RH currents
- Sterile neutrino endpoint search

- Neutrino self-interactions
L
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